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Net energy analyses of three intngrated coal-l iquefaction 
systems have been performed. In  t h i s  paper the  following f ace t s  
of the analyses are discussed: methodology, l iquefact ion systems, 
energy balances, and energy r a t i o s .  

Methcdol oap 

Integrated fue l  systems can be divided general ly  in to  s teps .  
For the  purpose of t h i s  analysis  seven s teps ,  o r  modules, were 
chosen. The seven s teps  with examples are:  (1) Extraction- coal 
surface mining, (2) Transport I- haul t o  ra i l road ,  ( 3 )  Process- 
crushing, (4) Transport 11- r a i l  haul,  ( 5 )  Conversion I- coal 
l iquefact ion,  (6)  Conversion 11- e l e c t r i c a l  generation, and (7)  
Distribution- e l e c t r i c a l  transmission. Other examples follow t h e  
Same general format, thoggh they may req-i i re  minor adjustments of 
individual modules (e.@;. two-stage t ranspor t ) .  

An analys is  of a multi-step fue l  system na tu ra l ly  reduces t o  
the coubination of analyses of individual  modules. Consequently we 
s h a l l  next descr ibe the  analysis  of a s ingle  module. A diagram of 
a module of an integrated fue l  system, Fig. 1, displays t h e  lmpor- 
tant fea tures  of modular analysis .  The f i r s t  law of thermodynamics 
is observed--Ein=Eout. Also, energy derived from and used within 
the systen is  always In te rna l  t o  the module. These precautions 
avoid a problem associated with some energy anlyses ,  ambiguous 

construction of systen boundaries. 

Energy input Consists of two par t s ,  Pr incipal  Energy and Zx- 
t e rna l  Energy. Pr incipal  Energy i s  t he  primary energy input. 
External Energy is t h e  sum of fue l s  , e l e c t r i c i t y ,  and of the energy 
embodied in  mater ia ls  which a re  purchased o r  " inportedn from energy 
systems other than the  one being analyzed. 



Figure 1- t . Idular Analysis 
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* Material9 include r a w  materia ls .  containers.  machinery. c o n a m a b l e  manufactured items 
(cata lyats ,  lubricants. chemicals .  procear, additives.  etc.  I ,  too!s. pipelines.  wiring. 
comtruction mater ia ls .  and road materiala (asphalt.  c e m m t .  tar .  a tee l .  e t c . )  
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The energy "backup" needed t o  de l ive r  External Energy m u s t  
be considered t o  f u l l y  account f o r  energy dra in  from other  energy 
systems, thus requir ing determination of the energy required t o  
support d i r e c t  inputs.  This is diagrammed as ascend1n.y higher-orders  
Of External Enercy. Two d i f f e ren t  methds  have been used t o  compute 
the higher-order energy inputs.  
input-output da t a  (Herendeen and Bullard 1974) were applied t o  
material  do l l a r  cos t s ,  a f t e r  appropriate def la t ion  t o  the base 
year of 1967. This method was considered the best  ava i lab le  f o r  
each material  input without employing tedious calculat ions.  
However, f o r  fue l s  and e l e c t r i c i t y  the a l t e rna t ive  of i t e r a t i o n  
combined with en;pirically derived approximations at  or above order 
th ree  was adopted. This a l t e rna t ive  is more precise ,  and f l ex ib l e ,  
than the appl icat ion of conversion f ac to r s  s i m i l a r  t o  those used 
f o r  mater ia l  energy equivalents. 

Conversion f ac to r s  developed from 

Energy Product and Energy Loss comprise Eout. Energy Product 
is defined as the  energy of the primary energy form produced by the  
module, plus  the energy of secondary forms produced f o r  outs ide 
d i s t r ibu t ion ,  plus  the  energy equivalent of sa lab le  byproducts. 
Energy Loss has been divided in to  three par t s .  Physical Loss is the  
sum of losses  of the  Principal  Energy input due t o  sp i l lage ,  leak- 
age, disposal  of waste mater ia ls ,  e tc .  In te rna l  Consumption i s  
the  energy required from Prlncipal  Energy t o  provide heat o r  power 
f o r  the process. The th i rd  l o s s  category i s  External Loss. iior- 
mally t h i s  is the  sum of the external  energy inputs.  I n  some cir-  
cumstances, however, an external  energy input w i l l  be incorporated 
In the mergy Product, e.g. addi t ives  t o  petroleum products; and 
then the External Loss w i l l  be l e s s  than the  External anergy input. 

Modules are combined simply by adjust ing the  Energy Product of 
one modules t o  equal the  Principal  Energy of the following module, 
and s o  on. This automatically requires  a corresponding change i n  
the  External Energy, t he  Energy Loss, and the Pr inc ipa l  Energy of 
the  f irst  module. Final ly ,  t o t a l s  f o r  an integrated fue l  system, 
a sequential  combination of seven modules, a re :  (1)Pr inc ipa l  Ener6y- 
the i n t i a l  Pr incipal  Energy input ,  (2)Zxternal  Energy--the sum of 
External Energy inputs  of each nornalized module, (3)Gnergy Loss-- 

t h e  sum of hherEy Loss outputs of each module, and (4)Energy 
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Product-- the final Energy Product output plus the sum of byproduct 
energies of each module. 

- Coal Liquefaction Systems Studied 

Three proposed coal liquefation facilities were examined in 
this study, for inclusion in a hypothetical integrated synfuels 
module string. Data on solvent refined coal, pyrolysis with char 
gasification and catalytic conversion of coal from engineering 
studies were utilized to perforin the net energy analysis. A brief 
technical description of each process is given below. 

Solvent refined coal (1,2,3,4,3,6) is a process by which coal 
is converted to a clean boiler fuel by mild hydrogenation in the 
presence of a solvent. 
a fuel oil and a heavy liquid or  solvent refined coal, which has 
a higher heating value of approximately 16,000 BTU/lb. Included 
in the system boundary for this proposed plant are an oxygen plant 
and filter cake gasification plant to produce process hydrogen, an 
electric generating power plant for process electricity, a coal 
preparation plant, and waste water ad gas cleanup facilities. 

Pyrolysis of coal (7,8,9) was a l s o  studied for net energy 
conversion. The process examined produced both pipeline quality 
natural gas and a synthetic crude oil, suitable for upgrading in a 
refinery. Coal is pyrolyzed in multistage fluid-bed reactors, 
resulting in gas, liquid, and so l id  (char) fractions. Char is 
utilized in a low-pressure gasification reactor t o  produce process 
hydrogen necessary for upgrading of the pyrolytic liquids. Battery 
limits of the plant Include an oxygen plant and a char gasification 
facility, a process plant for electric utility generation, and gas 
gas scrubbing and waste water cleanup subsystems. 

Products of this process are sulfur, naphtha 

The third system studied was catalytic coal conversion (10,11,12). 
This process produces both a high-quality synthetic crude oil and a 
high-BTU pipeline gas. The syncrude is suitable f o r  further refining 
to gasoline and other hydrocarbon products. A coal-solvent mixture 
is hydrogenated in an ebullating catalyst bed, forming caseous and 
liquid byproducts. The process, as entailed in the energy balance 
includes a coal gasification subsystern for generation of process 
hydroplen, a coal preparation plant, and gas scrubbing and waste 
water treatment facilities. 
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Energy 2a t ios  

The subjects of net enrgy aiii of net-energy r a t i o s  have pro- 
voked more heat  l e s s  1ir;ht perhaps than any other feature  of 
the a rsa  of eliergy ana lys i s .  Several d i f f e r e n t  r a t i o s  have been 
advanced as the answers t o  questions of how well one encrzy systc'.: 
pe r fo rm r e l a t i v e  t o  another. Objections t o  energy r a t i o s  jenera l ly  
have centered around w d i f f e r e n t i a t e d  aggregations of d i f f e r e n t  
energy fornis -- e l e c t r i c i t y ,  petroleum, na tura l  gas, coal. I t  has  
been pointed out many t i n e s  t h a t  the value of energy i s  determined 
by many other f a c t o r s  than heat content. These arguments are soulicl, 
but t h e y  only show t h a t  ther  is no completely adequate standard of 
coxparison amone; energy systems. L'ith t h i s  qua l i f ica t ion  i n  mind, 
w e  def ine three d i f f e r e n t  n e t  energy r a t i o s  which address three  
d i f f e r e n t  questions of leg i t imate  concern t o  the  public and t h e i r  
decision-makers. 

The net-energy r a t i o  R1, f o r  an integrated energy system, is 
defined as the Energy Product divided by External Energy. The 
r a t i o  R1 addresses t h e  question, "How much energy is  required from 
other energy de l ivery  systems t o  support t h i s  energy system?I' 
The net-energy r a t i o  R2 i s  defined a s  Energy Froduct divided by 
Energy Loss. The r a t i o  FI2 addresses the  question of energy system 
process efficiency. 
Product divided by t h e  sum of Energy Loss and =t rac t ion  Loss. The 
r a t i o  R addresses t h e  question of how e f f i c i e n t l y  na tura l  resources 3 
are being used. 
the performance of an inte,grated energy fue l  system i f  care  i s  em- 
ployed in t h e i r  use. Two systems should be compared only i f  t h e i r  
end f u e l  products a r e  the same or, a l t e r n a t i v e l y ,  i f  t h e i r  f i n a l  
services  are  the  same. 

The net-energy r a t i o  R3 is defined as Energy 

These three  r a t i o s  can be he lpfu l  i n  determining 

With t h i s  qua l i f ica t ion  in mind, w e  determined the followinz 
net-energy r a t i o s  f o r  coal l iquefact ion plants  only. The r a t i o  2, 

J 

not apply s ince extract ion i s  not included. 

R1 R 2  
Solvent ref ined coal 128.21 1.65 
Pyrolysis 4'c. 97 t .40 
Catalytic hydrogenation 18.49 2.17 

does 
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These r e s u l t s  a r e  not d i r e c t l y  comparable, because the plant  
products a re  d i f f e ren t  in each case. However, general conclusions 
ccm be dram. $irst, coal l iquefact ion plants  produce n a y  ti!res 
8 s  cuch ener,yy a s  they require  from external  sources. Secorld, a 
plant which i s  more independent of external sources consequently 
y ie lds  a higher R1, but is not  necessar i ly  more process e f f i c i en t .  
Ane t h i r d ,  changes in process d e t a i l s  can la rge ly  a l t e r  ?et  e n e r g  
r a t i o s ,  e . ~ .  sus t i t u t ion  of imported power f o r  i n t e rna l ly  generated 
power i n  the Solvent ref ined coal process would lower R1 by an 
order of magnitude. 

Beferences C:ted. 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

0. 

9 .  

10. 

11. 

J m i n g ,  C. E., and E. M. Magee, Evaluat ion of Pol lu t ion  Control in F o s s i l  Fuel Conversion 
1, EPA - 650/2-74-009-f, Exxon aesearch 
and Enginnering Company, Linclen, New Jersey  (kiarch 1975). 

Demonstration Plant ,  Clean Boi le r  Fuels  from Coal, Prel iminary Desfm/CaDital Cost E s t i -  
mate, OCR R&D Report No. 82 - Inter im Reuort 110. 1, Vol I & 11, R. M. Parsons Company, 
Los Angeles, CA 

P i t t sburgh  and Midway Coal Company, Economic Evaluation of a Process t o  Produce Ashless, 
Low-sulfur Fuel from Coal: R&D Report No. 53, Interim No. 1, Off ice  of Coal Reaearch, 
U. S. Dept. of I n t e r i o r ,  Washington, D. C. (1970). 

R&D Report No. 53, Interim No. 2 ,  Off ice  of Coal Research, U. S. Dept. of I n t e r i o r ,  
Washington, D. C.  (1971). 

, pevelownent of a Process f o r  Producing an Ashless. Low-sulfur Fuel from 
Coal - Volume I - h g i n e e r i n a  S tudies ,  Par t  I1 C. 0. G.  Refinery Economic Evaluation, 
Phase I: R&D Report No. 53. Inter im No. 3, Office of Coal Research, U. S. Dept. of 
I n t e r i o r ,  Washington D. C. (1971). 

Coal - Volume I - m ~ i n e r r l n a  Studies .  Par t  3 .  C. 0. G. Refinery Economic Evaluation, 
Phase X I :  RLD Report NO. 53, Inter im No. 4, Office of Coal Research, U. S. Dept of 
I n t e r i o r ,  Washington, D. C .  (1972). 

Conversion Processes: Sect ion I: COED Process, EPA Contract No. 68-02-0629, Exxon 
Resoarch and Engineering Co., Linden, N. J. (Jan 1975). 

S c o t t l ,  L. J., e t  al. ,  Char O i l  Eneray Development, OCR RBD Report No. 73 - Inter im No. 2 ,  
FMC Corp., Princeton, N. J. (1974). 

Shearer ,  H. A. and A. L. COM. Econonic Evaluation Of COED Process  Plus Char  Gasif icat ion,  
OCR Contract No. 14-32-0001-1210, American 011 Co., Uhitimg, Ohlo (1972). 

Projec t  ‘‘-Coal Report on PrOCrSS Development, OCH RLD Report No. 26, Ilydrocarbon 
Research, Ind., Trenton, 11. .I. ( 1 9 6 8 ) .  

Johnson, C. A . ,  e t  a1, P r r w i t  S ta tus  of thc f ’ - C O O l  Process, paper presented a t  t h e  

,Develoment of a Process f o r  ProducinC: an Ashless. Low-sulfur Fuel from Coal: 

, Development of a Process f o r  Prcducine an Ashless. Low-sulfur Fuel from 

Kal fade l i s ,  C .  D. ,  and E. M. Flagee, Evaluation of Pol lu t ion  Control  in Fossil Fuel 

.FTo syr~posium on Clean Fuels from Coal, Hydrocarbon Research Inc., Trenton, N . J  (1975). 
12. Johnson, C. A . ,  e t  81, Scnle-ur, Factors  in tho H-Coal Procss?, Coal ProcessinE Tech- 

nology, AIChE, New York, New York (1974). 


